Purpose To identify changes in cervical alignment parameters following surgical correction of thoracolumbar deformity and then assess the preoperative parameters which induce changes in cervical alignment following corrective thoracolumbar deformity surgery. Methods A retrospective study of 49 patients treated for thoracolumbar deformity with preoperative planning of an acceptably aligned coronal and sagittal plane in each case. We compared cervical spine parameters in two distinct low [preoperative C7 sagittal vertical axis (SVA) B6 cm] and high (preoperative C7 SVA C9 cm) C7 SVA groups. Multilinear regression analysis was performed and revealed the relationship between postoperative cervical lordosis and preoperative spinopelvic parameters and surgical plans. Results In the lower C7 SVA group, cervical lordosis was significantly increased after thoracic/lumbar deformity correction (p \ 0.01). In contrast, the high C7 SVA group showed decreased cervical lordosis postoperatively (p \ 0.01). Multilinear regression analysis demonstrated the preoperative parameters (preoperative C2-7 angle, T1 slope, surgical plan for PT and C7 SVA), which determine the postoperative cervical lordosis. Conclusion In spinal deformity procedures, preoperative spinal alignment parameters, and surgical plans could affect postoperative cervical spine alignment.
Introduction
The reciprocal curves of cervical lordosis, thoracic kyphosis, and lumbar lordosis allow for maintenance of horizontal gaze and minimization of energy expenditure in the normal state. There is increasing recognition of the complex global interactions among these sagittal curves, the pelvis, and compensatory mechanisms that attempt to maintain global sagittal spinopelvic alignment [1] [2] [3] [4] .
Compromise of sagittal alignment, as can occur in adult spinal deformity, is associated with increased pain and disability [5] . Pedicle subtraction osteotomy (PSO) is a recognized surgical procedure for sagittal alignment restoration [3, 6] . Although the PSO procedure produces a focal increase in lordosis, it has been shown to result in significant reciprocal changes, even outside of the instrumented regions of the thoracolumbar spine [7] . Klineberg et al. reported that a thoracic osteotomy with limited fusion produced spontaneous reciprocal decrease in lordosis of the unfused lumbar spine. They also reported that a lumbar osteotomy with limited fusion resulted in a spontaneous increase in the kyphosis of unfused thoracic segments. These reciprocal changes may negatively impact the global spinopelvic alignment and may increase the risks of junctional degeneration [8] .
Our objectives in the present study were twofold. First, we sought to assess changes in cervical alignment parameters following surgical correction of thoracolumbar deformity and to assess whether these changes are impacted by the presence or absence of significant preoperative positive sagittal malalignment. Second, we aimed to identify the preoperative parameters which induce these changes in cervical alignment following corrective thoracolumbar deformity surgery.
Materials and methods

Patient population
Consecutive adult patients with thoracolumbar spinal deformity who were surgically treated by the senior author (CPA) between April 2009 and April 2011 were identified based on surgical records. Inclusion criteria for the present study included: age C21 years, surgically treated for spinal deformity with more than five levels of instrumented fusion, availability of pre-and postoperative full-length anteroposterior (AP) and lateral standing X-rays that included visualization from C1 through S1, and visualization of the femoral heads. Patients with ankylosing spondylitis or spinal deformity due to neuromuscular conditions, tumor, or infection were excluded from the analysis. Clinical, surgical, and radiographic records were analyzed. This study was approved by the Institutional Review Board of the University of California, San Francisco.
Radiological measurements
Full-length standing AP and lateral radiographs were obtained in a standardized upright position, with arms forward horizontally and folded. Radiographic measurements were obtained in accordance with standard techniques on standing radiographs [9] . The occiput to C2 angle (Occ-C2) was measured from the line between the anterior arch of C1 and the inferior end of the occiput to the line along the inferior margin of the C2 body. The C1-C2 angle (C1-2) was measured from the line between the anterior arch of C1 and the posterior arch of C2 to the line along the inferior margin of the C2 body. The C2-C7 angle (C2-7) was measured between the line along the posterior body of C2 to the line along the posterior body of C7. The T1 slope was measured between the line along the superior endplate of T1 and a horizontal reference line.
Thoracic kyphosis (T5-12) was defined by the Cobb angle between the cranial endplate of T5 and the caudal endplate of T12. Thoracolumbar kyphosis (T10-L2) was defined by the angle between the cranial endplate of T10 and the caudal endplate of L2. Lumbar lordosis (L1-5) was defined by the angle between the cranial endplate of L1 and the S1. The C7 sagittal vertical axis (C7 SVA) and the C2 SVA were defined by the horizontal distance from the superior posterior end of the upper sacral endplate to the C7 or C2 plumblines, respectively.
Pelvic tilt (PT) was defined by the angle between the line connecting the midpoint of the S1-endplate to the axis of the femoral heads and the vertical plane. Sacral slope (SS) was defined as the angle between the horizontal and sacral endplates. Pelvic incidence (PI) was defined as the angle perpendicular to the sacral endplate at its midpoint and the line connecting this point to axes of the femoral heads.
Study design and statistical analyses
The data were analyzed using SPSS software (SPSS, Chicago, Illinois). Patients were categorized based on preoperative C7 SVA (sagittal vertical axis) into one of three groups: low C7 SVA (C7 SVA B6 cm), intermediate C7 SVA (C7 SVA between 6 and 9 cm), and the high C7 SVA group (C7 SVA C9 cm). The mean values, standard errors, and ranges of the measured radiographic parameters were determined for each group and differences in the mean measurements within and between groups were assessed using t tests and ANOVA. Chi-square test was performed to analyze the parametric variables. Statistical analyses were two sided, and p \ 0.05 was considered to be statistically significant.
The relationship between preoperative radiographic parameters and cervical lordosis was defined using forward stepwise multivariate linear regression analysis. This included an initial correlation analysis to identify the relationships between preoperative global sagittal spinopelvic parameters. Patients from all three SVA groups (low, intermediate, and high) were used for multivariate analysis. For each case, the surgical plan was presumed to include achievement of an ideal C7 SVA (0 mm) and an ideal PT (B25°) following deformity correction [3, 9, 10] . Based on the amount of correction necessary to achieve these ideals, two parameters were defined: ''C7 SVA plan'' (preoperative C7 SVA -0 mm) and the ''PT plan'' (preoperative PT -25°). Patients with coronal imbalance and scoliosis with or without sagittal deformity were also included with the goal of a neutral coronal alignment (coronal offset \5 cm).
Results
Study population demographics for the 49 patients included are summarized in Table 1 . The uppermost Forty-nine patients were enrolled. Patients whose C7 SVA was 6-9 cm (n = 7) were included in the intermediate C7 SVA group SVA Sagittal vertical axis, PSO pedicle subtraction osteotomy, SPO Smith-Peterson osteotomy, VCR vertebral column resection, PT pelvic tilt ** Statistical differences among groups were found in the preoperative diagnosis of scoliosis, the types of osteotomy, and amount of C7 SVA correction (p \ 0.01) Fig. 1 Comparison of preoperative and postoperative sagittal radiographic measurements. a The high C7 SVA group demonstrates higher PT, L1-5, T1, C1-2, and Occ-C2. b The high C7 SVA group, compared to the low C7 SVA group, has higher PT and T5-T12. (*p \ 0.05, **p \ 0.01). PI pelvic incidence, PT pelvic tilt, SS sacral slope, SVA sagittal vertical axis instrumented spinal level was between T3 and T12 (most common level was T10), and the lowest instrumentation level was at L5 or at the pelvis in all cases (39 cases included pelvic instrumentation). Patients were categorized into low (n = 21), intermediate (n = 7), or high (n = 21) preoperative C7 SVA (Table 1 ). There were no significant differences in the demographic parameters listed in Table 1 . Compared with the intermediate and high preoperative SVA groups, the number of patients with a preoperative diagnosis of scoliosis was significantly higher in the low C7 SVA group. PSO was the most common procedure in the high C7 SVA group, and facetectomy was the most common type of osteotomy in the low C7 SVA group. The mean amount of correction of C7 SVA was significantly higher in the high preoperative C7 SVA group compared with the low preoperative C7 SVA group. (Fig. 1a) .The low C7 SVA group had significantly greater lumbar lordosis (44.3°± 2.8°) compared with the high C7 SVA group (28.1°± 2.6°; p \ 0.01). In contrast, on postoperative imaging, the differences in radiographic measurements only included higher thoracic kyphosis (44.0°± 3.3°vs. 33.5°± 3.4°; p \ 0.05) in the high C7 SVA group (Fig. 1b) .
The postoperative changes in cervical spine alignment that occurred in the low and high C7 SVA groups are illustrated in Fig. 2 . In the low C7 SVA group, parameters reflective of cervical lordosis tended to increase after thoracolumbar deformity correction (Occ-C2, p = 0.034; C1-2, p = 0.001; C2-7 angles p = 0.025; T1, p = 0.13). In contrast, in the high C7 SVA group, parameters reflective of cervical lordosis tended to decrease after thoracolumbar deformity correction (Occ-C2, p = 0.86; C1-2, p = 0.38; C2-7, p = 0.025; T1, p = 0.007). Specific case examples that illustrate the observed reciprocal changes in cervical lordosis in both the low C7 SVA and high C7 SVA groups are shown in Fig. 3 .
The correlation matrix among all of the assessed radiographic parameters is shown in Table 2 . We found significantly high correlations (R [ 0.7) between C1-2 and Occ-C2 (0.81), C7 SVA and C2 SVA (0.96), as well as PI and PT (0.76). Therefore, we removed Occ-C2, C2 SVA, and PI parameters from the multilinear regression analysis, to avoid multicollinearity with C1-2, C7 SVA, and PT, respectively. A multilinear regression model was then established (Table 3) . Postoperative cervical lordosis (C2-7) had a linear correlation (R = 0.81, adjusted R 2 = 0.62) with the equation composed of the variables preoperative C2-7, PT plan (amount of PT change needed to reach 25°), C7 SVA plan (amount of C7 SVA change needed to reach 0 mm), and T1 slope. The coefficients were based on preoperative deviation from ideal spinal pelvic alignment 0 mm SVA and 25°PT with the assumption that this was the correction goal involved in operative planning. 
Discussion
Thoracolumbar deformity surgery for correction of scoliosis and sagittal malalignment is an important option for symptomatic patients who fail to respond to nonoperative measures. However, only a few recent studies have begun to define the reciprocal changes in the cervical spine, and no study to date has clearly assessed their impact on clinical outcome after thoracolumbar deformity surgery [3-5, 11, 12] . Alteration of normal cervical lordosis has been associated with symptomatic pain and accelerated disc degeneration [13] . Therefore, understanding the compensatory behavior of the mobile cervical spine in thoracolumbar deformity patients may be important with respect to the prevention of secondary cervical spine disorders. In this study, we identified the reciprocal changes of cervical spine alignment after thoracolumbar deformity surgery and which were induced by preoperative parameters. Specifically, patients with low preoperative SVA demonstrated significant increase in cervical lordosis following deformity correction surgery, while patients having high preoperative SVA demonstrated significant decrease Fig. 3 Case illustrations. Low C7 SVA. a Sagittal preoperative radiographs (left full-length spine lateral radiograph, right cervical spine lateral radiograph) of a patient presenting a low C7 SVA (C7 SVA = 35.9 mm). b Sagittal postoperative radiograph of the same patient after thoracolumbar deformity surgery. Angles reflecting cervical lordosis (Occ-C2, C1-2, C2-7, and T1) are increased postoperatively. High C7 SVA. c Sagittal preoperative radiographs (left whole spine lateral, right cervical spine lateral) of a patient presenting a high C7 SVA (C7 SVA = 139.5 mm). d Sagittal postoperative radiograph of the same patient after pedicle subtraction osteotomy. Angles reflecting cervical lordosis (Occ-C2, C1-2, C2-7 and T1) are decreased postoperatively. PI pelvic incidence, PT pelvic tilt, SS sacral slope, SVA sagittal vertical axis in cervical lordosis following surgery. In addition, we provide a quantitative means of explaining the postoperative changes in cervical alignment that accompany correction of thoracolumbar deformity based on preoperative radiographic parameters, as an aid to surgical planning.
The importance of sagittal spinopelvic alignment of the spine in adult deformity patients has been well recognized [1, 14, 15] . Sagittal malalignment after lumbar spine surgery is a major source of pain and disability. Positive sagittal malalignment was identified as the radiographic parameter most highly correlated with adverse health status outcomes [5] . However, the influence of global sagittal alignment on cervical alignment and neck pain is not fully understood. Knott et al. demonstrated that the T1 slope was the radiographic parameter that had the strongest correlation with SVA [16] . They reported that when the T1 slope was higher than 25°all patients had at least 10 cm of positive sagittal malalignment (C2 SVA). They also showed that patients with negative sagittal alignment had mostly low T1 slopes, usually \13°. Similarly, in the present study we observed different cervical spine alignments between low and high sagittal alignment groups. In the low C7 SVA group (B6 cm), the preoperative cervical spine had hypolordotic curvatures (low T1 slope and C2-7, C1-2, and Occ-C2 angles), in comparison with the high C7 SVA group (C9 cm). Collectively, these data suggest that cervical alignment is affected by thoracic regional alignment as well as global sagittal alignment.
The present study, in combination with prior studies, strongly suggests that changes in C7 SVA induce changes in the T1 slope, which in turn may serve as a driving force for inducing reciprocal alterations in cervical spine [16, 17] . In the present study, we further implicate the T1 slope in helping to set the cervical lordosis, since the only preoperative radiographic parameters incorporated into the best-fit linear regression model to predict postoperative cervical lordosis included cervical lordosis, PT, C7 SVA, and T1 slope. A reciprocal relationship exists between lumbar lordosis and thoracic kyphosis. Therefore, the sagittal thoracic compensatory curve and pelvic retroversion can normalize after restoration of lumbar lordosis [4, 6, 11, 12, 18, 19] . In a previous study of AIS patients, there was a tendency to have more cervical kyphosis in thoracic hypokyphosis patients preoperatively [2, [20] [21] [22] . These preoperative kyphotic cervical spines were able to gain more lordosis after restoration of thoracic kyphosis in the scoliosis correction. However, another report argued that, due to the inherent rigidity of the cervical spine, the strong preoperative inverse correlation between cervical and thoracic kyphosis was lost after instrumentation [20] . In the present study, we postulated that restoration of global and regional sagittal alignment could induce reciprocal changes in cervical spine alignment. In Fig. 3 , we illustrate that the patient with low C7 SVA has increased cervical lordosis, and the patient with high C7 CVA has decreased cervical lordosis after corrective thoracolumbar deformity surgery. These findings imply that postoperative cervical spine alignment may depend on changes in regional anatomic curvatures (thoracic or lumbar) and sagittal alignment and the observed cervical changes differ depending on the preoperative sagittal alignment.
Although identification of preoperative parameters which may be important in determining postoperative alignment within the given correction strategy paradigms have been studied [4] , changes in cervical alignment after surgery are not as clearly understood. We performed a regression analysis to better understand the changes in cervical alignment that accompany thoracolumbar spinal deformity correction. The variables which affect postoperative cervical lordosis were preoperative cervical alignment (C2-7 and T1 slope) and planning for correcting thoracolumbar deformity (PT plan and C7 SVA plan).
Conclusion
Thoracolumbar deformity patients frequently have abnormal curvature of the cervical spine. However, the role of thoracolumbar deformity correction on cervical spine alignment is not entirely understood. This study provides evidence that cervical lordosis has reciprocal changes obligatory for global spine balance. Preoperative parameters in regional spine alignment (C2-7 and T1 angles) and surgical plans based on common correction goals (PT and C7 SVA) could affect postoperative cervical spine sagittal alignment. Therefore, when patients undergo corrective thoracolumbar deformity surgery, significant postoperative reciprocal changes in cervical alignment may occur. These changes are affected by preoperative alignment and correction strategies for the deformity in the sagittal plane. General predictions for postoperative cervical alignment can be made based upon the formulas presented in this work (Fig. 4) .
